Enteropathogenic Escherichia coli (EPEC) induces formation of actin pedestals in infected host cells. Agents that inhibit the activity of Rho, Rac, and Cdc42, including Clostridium difficile toxin B (ToxB), compactin, and dominant negative Rho, Rac, and Cdc42, did not inhibit formation of actin pedestals. In contrast, treatment of HeLa cells with ToxB inhibited EPEC invasion. Thus, Rho, Rac, and Cdc42 are not required for assembly of actin pedestals; however, they may be involved in EPEC uptake by HeLa cells.
We investigated the roles of Rho, Rac, and Cdc42 in enteropathogenic Escherichia coli (EPEC)-induced pedestal formation and in EPEC invasion. To do so, we applied three different treatments that inhibit the activity of these small GTP-binding proteins. The first method was to utilize compactin; compactin competitively inhibits hydroxymethylglutaryl coenzyme A (HMG-CoA) reductase, which catalyzes the reduction of HMG-CoA to mevalonic acid. The latter serves as a precursor for the biosynthesis of isoprenyl. Since small GTPbinding proteins require isoprenylation of CAAX sequences at their C termini, compactin treatment causes inactivation of these of GTP-binding proteins (reference 1 and references therein). The second method was to utilize Clostridium difficile toxin B (ToxB). ToxB catalyzes the glucosylation of Rho, Rac, and Cdc42 at specific sites, causing their inactivation (5) . The third method was to use HeLa cells transiently expressing dominant negative mutants of Rho, Rac, and Cdc42 (reference 10 and references therein).
HeLa cells were incubated with Dulbecco minimal essential medium supplemented with either compactin (50 M for 18 h) (Sigma) or ToxB (10 ng/ml for 3 h) and infected with wild-type EPEC E2348/69 (2) or the EPEC JPN15 strain (4) . The effects of ToxB and compactin on several parameters were examined; these included (i) the viability of HeLa cells; (ii) the efficiency of attachment of wild-type EPEC and JPN15 to HeLa cells; (iii) the formation of EPEC-induced actin pedestals, and (iv) the morphology of the actin pedestals. The JPN15 strain was used because, in contrast to wild-type EPEC, it is incapable of aggregating and forming microcolonies on the surfaces of host cells. However, like wild-type EPEC, it is still capable of inducing the formation of actin pedestals (8) . The lack of aggregated microcolonies on the surfaces of JPN15-infected cells enabled the quantification of actin pedestals per infected HeLa cell and allowed examination of the morphology of individual pedestals.
Compactin, under the conditions used in our experiments, caused only a small decrease in the viability of HeLa cells and in the attachment of wild-type EPEC and JPN15 to HeLa cells (data not shown). ToxB treatment did not reduce HeLa cell viability or bacterial attachment. In fact, we observed consistently a slight increase in the viability of HeLa cells and in the attachment levels of JPN15 in ToxB-treated cells (data not shown). ToxB and compactin were not toxic to EPEC, as determined by comparisons of growth rates of treated and untreated wild-type and JPN15 strains (data not shown).
HeLa cells treated with compactin or ToxB rounded up, and actin structures were disrupted ( Fig. 1 and 2 ; also data not shown). In contrast, compactin and ToxB did not block the formation of JPN15-induced actin pedestals ( Fig. 1 and 2 ). The average numbers of actin pedestals per infected HeLa cell were similar in cells treated with compactin or ToxB or in untreated cells (Fig. 3A) . Relatively high standard deviations were obtained in these experiments (Fig. 3A) . This is because of uneven distributions of pedestals among HeLa cells due to the tendency of EPEC to form microcolonies on the surfaces of infected cells. Similar results were obtained with wild-type EPEC (data not shown). Pedestal formation was not observed when an EPEC sepA mutant deficient in signaling for pedestal formation (7) was used instead of the wild-type strain (data not shown). This confirms that pedestal formation in ToxB-or compactin-treated HeLa cells requires EPEC-mediated signaling.
The typical morphology of EPEC-induced actin structures evolves within a few hours from flat, cup-like structures into short actin pedestals and then into elongated pedestals (8, 9) . After 2 h of JPN15 infection of untreated HeLa cells, most of the actin pedestals were still flat and less than 2% of them were elongated (Fig. 1A, 2A, and 3B ). In contrast, in infected HeLa cells that had been pretreated with ToxB or compactin, more than 95% of the cell-associated JPN15 bacteria induced actin structures which appeared as elongated pedestals (Fig. 1C, 2B , and 3B). Similar results were obtained when wild-type EPEC was used instead of JPN15 (data not shown). These results indicate that compactin and ToxB treatments accelerate the kinetics of actin pedestal elongation, possibly because these treatments cause the formation of high concentrations of actin monomers and actin-associated proteins that serve as building blocks for the assembly of the actin pedestals.
HeLa cells transiently expressing dominant negative forms of either Rho, Rac, or Cdc42, including RhoA-T19N, Rac1-T17N, and Cdc42-T17N, were infected with JPN15, fixed, stained with phalloidin-rhodamine, and analyzed by fluorescent microscopy. To enable distinguishing of the transiently transfected cells from the untransfected cells, the mutated small GTP-binding proteins were expressed (via a cytomegalovirus promoter in the pcDNA3 vector) as fusions with green fluorescence protein (GFP) (S65T) (3). JPN15 induced the formation of actin pedestals in HeLa cells expressing dominant negative Rho, Rac, or Cdc42 (Fig. 4) . The frequencies of formation of actin pedestals in the transfected cells were similar to those of the untransfected cells (Fig. 4G) . Similar results were observed when wild-type EPEC was used instead of JPN15 (data not shown).
ToxB inhibited EPEC invasion in a dose-dependent manner (Fig. 5) . Inhibition of invasion was evident also when compactin was used instead of ToxB (data not shown). Cells transiently transfected with dominant negative mutants of Rho, Rac, or Cdc42 could not be used in invasion assays because the transfected culture consisted of a mixture of transfected and untransfected cells and the frequency of transfection did not exceed 15%.
Several EPEC mutants are incapable of both invasion and pedestal formation (7) . This apparent genetic linkage suggests that invasion and formation of actin pedestals may be different manifestations of the same biochemical process. In contrast to this hypothesis, we demonstrated that ToxB inhibits EPEC invasion but not pedestal formation. These results might indicate that actin polymerization and invasion are different, unlinked processes and that activity of Rho, Rac, or Cdc42 is involved in EPEC uptake but not in formation of EPEC-induced actin pedestals. In agreement with this notion, Rabinowitz et al. (6) demonstrated that an EPEC strain carrying a mutation in the sepZ gene, whose product, SepZ, is required for protein secretion via the type III secretion system, is noninvasive but still induces assembly of actin pedestals. An alternative interpretation is that invasion occurs accidentally as a result of some rare event occurring during EPEC-induced actin rearrangement. For example, association of an individual bacterium with several pedestals, resulting in bacterial phagocytosis, might be such an event. ToxB, by accelerating pedestal elongation, may further reduce the frequency of this putative event. At this point, further work is required to determine whether or not the processes of invasion and formation of actin pedestals are biochemically linked. , and RhoA-T19N-GFP (E, EЈ, and F). The transfected cultures were infected with JPN15 and fixed, and the actin filaments were stained with phalloidinrhodamine. Phalloidin stained all of the HeLa cells in the culture (A, C, and E). Among these, the transfected cells were identified as green fluorescing cells (B, D, and F). The arrows in panels A, C, and E indicate the localization of typical actin pedestals. These pedestals can be better seen in close-ups of the arrowindicated regions (AЈ, CЈ, and EЈ). Only some of the actin pedestals associated with each cell could be visualized in a given optical plane, including those shown in panels A, C, and E. Additional actin pedestals were detected in other optical planes (not shown). (G) The average numbers of actin pedestals per HeLa cell were determined for untransfected cells (n ϭ 128) and cells expressing either RhoA-T19N-GFP (n ϭ 80), Rac1-T17N-GFP (n ϭ 83), or Cdc42-T17N-GFP (n ϭ 100). Standard deviations are indicated by error bars.
FIG. 5. Inhibition of EPEC invasion by
ToxB treatment of HeLa cells. HeLa cells, in a 24-well plate, were treated for 2 h with 500 l of Dulbecco minimal essential medium containing different concentrations of ToxB and 10% fetal calf serum. Then, 5 l of a fresh overnight bacterial culture was added, followed by incubation (37°C, 5% CO 2 ) for an additional 3 h. The cells were washed twice and incubated for an additional 90 min in a medium containing 100 g of gentamicin per ml; the monolayers were washed and then lysed with 1% Triton X-100, and appropriate dilutions were plated to determine the numbers of intracellular bacteria. The assays were carried out in duplicate.
